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minihelix at the start of the activation loop
in their lapatinib-bound inactive structure,
and suggests a different balance between
active and inactive states than is found for
EGFRK. Despite perfect homology among
residues contacted by lapatinib bound to
HER4K and EGFRK, the inhibitor is signif-
icantly less potent on HER4K. This is an
example of limitations in structure-based
drug design, as the inhibitor’s first coordi-
nation sphere does not rationalize inhibitor
potency among close homologs, even
with a 100-fold difference!
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In this issue of Structure, the Stewart laboratory and their collaborators have provided a markedly improved
cryo-EM reconstruction of DNA-PKcs (Williams et al., 2008). The new level of detail heightens interest in
integrating the understanding of nonhomologous DNA end joining.In dividing cells, double-strand DNA
breaks (DSBs) are common, occurring
by some estimates roughly ten times per
cell per division. The causes of DSBs
include reactive oxygen species, natural
ionizing radiation, and replication across
a pre-existing nick (Lieber, 2008).
Nonhomologous DNA end joining
(NHEJ) is the major pathway for repairing
DSBs, because the other DSB repair
pathway, homologous recombination, is
limited to late S and G2 of the cell cycle.
Given its importance, NHEJ has received
a great deal of attention, since the path-
way was named and given initial genetic
delineation in 1996 (Moore & Haber,
1996). Our current view of how NHEJ334 Structure 16, March 2008 ª2008 Elseviworks in vertebrates is as follows. Initially,
a toroidal heterodimer, Ku70/86, desig-
nated more succinctly, Ku, binds to each
of the ends at a DSB (Walker et al.,
2001). Once bound to the DNA ends,
each Ku molecule serves as a node at
which a nuclease, a polymerase, or a li-
gase complex can be recruited in any or-
der and multiple times (Lieber, 2008). The
flexibility in the order of recruitment is
a mechanistic hallmark of NHEJ and ex-
plains why the joining outcomes for any
two DNA ends are extremely heteroge-
neous. It may seem odd for a DNA repair
pathway to generate heterogeneous out-
comes. However, NHEJ achieves its
goal when the duplex DNA structure is re-er Ltd All rights reservedstored, and this does not require restora-
tion of the original DNA sequence. In fact,
restoration of the original sequence is
rare, given the multiple nicks on the top
and bottom strand that arise following
the typical causes of DSBs (oxidative
damage and ionizing radiation).
Consistent with the overall theme of
mechanistically flexible end joining by
the NHEJ pathway, each enzymatic com-
ponent of NHEJ is distinctive for individual
mechanistic flexibility. The DNA polymer-
ases for NHEJ are polymerase m (pol m)
and polymerase l (pol l), though other
polymerases might substitute when these
two are absent. Both polymerases can do
the usual gap-filling synthesis, and both
Structure
Previewscan function near DNA ter-
mini. However, pol m is dis-
tinctive for its ability to add
in a template-independent
manner, like TdT. The ligase
for NHEJ is a complex of
XLF:XRCC4:DNA ligase IV,
and it is also distinctive
among ligases because of
the range of substrate config-
urations that it can ligate. This
complex has substantially
greater activity for ligation of
a wide range of DSB configu-
rations, and this complex can
join one strand independent
of the other and can ligate
across substantial gaps in
one strand. Moreover, this
ligase complex can ligate
some incompatible DNA end
configurations. The only con-
firmed nuclease of vertebrate
NHEJ thus far is a complex
of Artemis and DNA-PKcs.
Artemis has the endonucle-
ase activity, but this endonu-
clease activity is only active
when a protein kinase, DNA-
PKcs (short for DNA-depen-
dent protein kinase, catalytic
subunit) is activated for ser-
ine/threonine phosphoryla-
tion by encountering and
binding to a free DSB.
A typical series of events for
NHEJ at a DSB in vertebrates
can be conjectured (Figure 1).
In step 1 (Figure 1), the toroi-
dal Ku protein binds DSB
and changes conformation to
permit higher order complex
formation with any of the en-
zymatic components. In step 2 (Figure 1),
a complex of DNA-PKcs (C-shaped large
protein) is shown binding to the DSB
ends along with Artemis. Artemis trims
DSB overhangs off. This is an important
step because some overhangs may be
oxidized and might block further repair
at some DNA ends. Polymerase m binds
and can add nucleotides template-inde-
pendently at DNA ends (steps 4 and 5,
Figure 1). The DNA ends can anneal
with as little as one bp of terminal micro-
homology (step 6, Figure 1). Finally, the
ligase complex can ligate one strand
or both strands at this point (step 7, Fig-
ure 1). Despite substantial functional
insight based on genetics and biochemis-
try, structural insights have been more
difficult.
DNA-PKcs is the largest single poly-
peptide member of the PIKK family and
the only protein kinase that requires
double-strand DNA ends as a cofactor
for autophosphorylation and possibly
phosphorylation of other components
involved in NHEJ. Biochemical studies
have revealed that DNA-PKcs can bind
to Ku:DNA termini with 100-fold greater
affinity than to DNA alone, and its kinase
activity is necessary for proper NHEJ.
However, there are many gaps in our
understanding of the regulation of NHEJ
by DNA-PKcs. Structural
analysis of DNA-PKcs will
provide a key vantage point
on many aspects.
In this issue ofStructure, the
Stewart laboratory and their
collaborators have provided
a markedly improved cryo-
EM reconstruction of DNA-
PKcs (Williams et al., 2008).
They previously reported
cryo-EM reconstruction of
DNA-PKcs at 21 A˚ resolution
(Chiu et al., 1998) and other
groups had reported 22 A˚
and 30 A˚ resolution EM struc-
tures (Leuther et al., 1999;
Boskovic et al., 2003) and
25 A˚ and 13 A˚ resolution
cryo-EM structures (Spagnolo
et al., 2006; Rivera-Calzada
et al., 2005). The new 7 A˚
resolution reconstruction of
DNA-PKcs by the Stewart
laboratory therefore repre-
sents a significant technical
advance and permits struc-
tural features to be defined,
especially a helices, which
had not been possible in the
previous studies. This struc-
ture allows one to compare
the kinase domain from the
closest homologous struc-
ture, PI3Kg, which has been
crystallized (Walker et al.,
2000); this comparison sug-
gests that the kinase domain
is most likely in the base re-
gion of DNA-PKcs. There is
a large central channel in
DNA-PKcs that is proposed
to bind to dsDNA ends. The
new images reveal a protrusion composed
of a helices directed toward the central
channel, and this configuration could inter-
act with DNA. There is also a small cavity
that is separated from the central channel
in the upper region, and this is the right
size to accommodate single-stranded
DNA (Leuther et al., 1999; Williams et al.,
2008). DNA-PKcs is likely to undergo con-
formational changes due to binding to DNA
ends and upon autophosphorylation.
One of the key questions concerns how
the kinase activity of DNA-PKcs regulates
the NHEJ process. Structural analysis of
functional domains and DNA-bound
structures of DNA-PKcs will continue to
Figure 1. Schematic of Vertebrate NHEJ
When a DSB occurs, the toriodal shaped Ku protein (Walker et al., 2001) loads
onto each DNA end. The Ku:DNA end complex serves as a node at which the
nuclease (Artemis:DNA-PKcs), the polymerases (pol m or l), or the ligase com-
plex (XLF/Cernunnos:XRCC4:DNA ligase IV) can load in any order (Lieber,
2008). Concurrent action by the nuclease, polymerases, or ligase complexes
can occur at each of the two DSB ends. Once some degree of microhomology
is generated between the two DNA ends, then progression to the point of liga-
tion of the top or bottom strand occurs more rapidly. DNA-PKcs is the largest
of the NHEJ proteins with a MW of 469 kDa. It is only active as a serine/thre-
onine kinase when it is bound to a DNA end. Ku improves the equilibrium bind-
ing of DNA-PKcs at DNA ends about 100-fold (Lieber, 2008). DNA-PKcs may
modulate the function of other NHEJ proteins, in addition to Artemis, but this is
an aspect of current study in the NHEJ field.
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Structure
Previewsdeepen our understanding of NHEJ. The
beautiful level of detail provided by the
new images will be an important point
from which to further build 3-dimensional
assemblies of DNA-PKcs with other com-
ponents, including DNA, Ku, pol m, pol l,
Artemis, XLF/Cernunnnos, XRCC4, and
DNA ligase IV.
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b-catenin is remarkably multifunctio
issue, Xing et al. (2008) present the
terminal regions modulate b-cateni
Natural selection prefers to tinker rather
than invent, and thus cells often use one
protein for multiple purposes. b-catenin
is a prototypical example. At the cell
surface, b-catenin binds cadherins, medi-
ating cell adhesion and helping organize
cortical actin. In the nucleus, a cadherin-
independent pool of b-catenin transduces
Wnt signals by interacting with T cell
factor (TCF)-family transcription factors
to activate target genes. Defining the
molecular nature of b-catenin/cadherin
and b-catenin/TCF complexes is critical
because of their basic biological roles
and their clinical implications. b-catenin/
cadherin has tumor-suppressive activity
while b-catenin/TCF can promote onco-
genesis. Thus, structural information
may facilitate development of strategies
to specifically inhibit b-catenin oncogenic
activities, while sparing its adhesive ones.
b-catenin presents a fascinating struc-
tural problem: how can one protein en-
gage diverse adhesive and signaling li-
gands using a single binding interface
(Figure 1A)? The Xu and Weis labs previ-
336 Structure 16, March 2008 ª2008 ElseviREFERENCES
Boskovic, J., Rivera-Calzada, A., Maman, J., Cha-
con, P., Willison, K., Pearl, L., and Llorca, O. (2003).
EMBO J. 22, 5875–5882.
Chiu, C.Y., Cary, R.B., Chen, D.J., Peterson, S.R.,
and Steward, P.L. (1998). J. Mol. Biol. 284, 1075–
1081.
Leuther, K.K., Hammarsten, O., Kornberg, R.D.,
and Chu, G. (1999). EMBO J. 18, 1114–1123.
Lieber, M.R. (2008). J. Biol. Chem. 283, 1–5.
Moore, J.K., and Haber, J.E. (1996). Mol. Cell. Biol.
16, 2164–2173.of b-Catenin Com
ersity, Chicago, IL
arolina, Chapel Hill, NC
du
nal, acting in adhesion, cytoskeletal
full-length structure of b-catenin, pro
n activities.
ously presented several illuminating struc-
tures of the central Armadillo (Arm) re-
peats bound to various ligands (Gooding
et al., 2004). However, these structures
did not include the N- or C-terminal
regions flanking the Arm repeats, known
to bind the adhesive/cytoskeletal regula-
tory partner, a-catenin, as well as several
transcriptional regulatory partners. Inter-
est in the b-catenin structure is further in-
creased by data suggesting that different
b-catenin isoforms/conformations might
act in signaling and adhesion (Brembeck
et al., 2004; Gottardi and Gumbiner,
2004), and that terminal regions of b-cate-
nin might fold back on the central Arm re-
peats, regulating access to certain ligands
(Castano et al., 2002; Cox et al., 1999;
Gottardi and Gumbiner, 2004).
In this issue, the Xu lab presents the
structure of a full-length b-catenin (Xing
et al., 2008). In comparison with previous
structures of b-catenin’s central Arm re-
peats, the full-length structure reveals
new helical domains flanking Arm repeats
1 and 12, showing that the central struc-
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regulation, andWnt signaling. In this
viding a clearer picture of how these
tured region of b-catenin extends beyond
the original 12 repeats. The most N- and
C-terminal regions remain unstructured
(Figure 1B). The revelation of both struc-
tured and unstructured regions within
the termini has important implications for
how these regions modulate b-catenin
function.
In the N-terminal region, the first Arm
repeat differs from the others in that helix
1 and 2 (of the three helices comprising
each repeat) are fused into a single elon-
gated helix with a kink (Graham et al.,
2000; Huber and Weis, 2001). By compar-
ing the current and past structures, a
significant hinge motion around Arg151
is observed in a region that binds the junc-
tional partner a-catenin, as well as the
transcriptional coactivator complex Leg-
less (Bcl9)/Pygopus. This hinge region is
just C-terminal to the minimally defined
a-catenin binding domain, and N-terminal
to Asp162 and Asp164, which are required
for Legless/Bcl9 recruitment. These data
suggest that a-catenin and/or Legless
may affect, or be affected by the dynamic
